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Chronic Hypoxia Increases Endothelial Nitric Oxide 
Synthase Generation of Nitric Oxide by Increasing Heat 
Shock Protein 90 Association and Serine Phosphorylation 

Yang Shi, John E. Baker, Chenyang Zhang, James S. Tweddell, Jidong Su, Kirkwood A. Pritchanl, Jr 

Abstract— Chrome hypoxia increases endothelial nitric oxide synthase (eNOS) production of nitric oxide (-NO) and 
cardioprotiec5tion in neonatal rabbit hearts. However, the mechanism by which this occurs remains unclear. Recent 
studies suggest that heat shock protein 90 (hsp90) alters eNOS function. In the present study, we examined the role of 
hsp90 in eNOS-dependent cardioprotection in neonatal rabbit hearts. Chronic hypoxia increased recovery of 
postischemic left ventricular developed pressure (LVDP). Geldanamycin (GA), which inhibits hsp90 and increases 
oxidative stress, decreased functional recovery in normoxic and hypoxic hearts. To determine if a loss in -NO, afforded 
by GA, decreased recovery, GA-treated hearts were perfused with 5-nitrosoglutathione (GSNO) as a source of -NO. 
GSNO increased recovery of postischemic LVDP in GA-treated normoxic and hypoxic hearts to baseline levels. 
Although chronic hypoxia decreased phosphorylated eNOS (S1177) levels by «'4- to 5-foId and total Akt and 
phosphorylated Akt by 4- and 5-fold, it also increased hsp90 association with eNOS by more than 3-fold. Using 
hydroethidine (HEt), a fluorescent probe for superoxide, we found that hypoxic hearts contained less ethidine (Et) 
staining than normoxic hearts. Normoxic hearts generated 3 times more superoxide by an ^T-nitro-L-arginiEe methyl 
ester (L-NAME)-infaibitable mechanism than hypoxic hearts. Taken together, these data indicate that the association of 
hsp90 with eNOS is important for increasing NO production and limiting eNOS-dependent superoxide anion 
generation. Such changes in eNOS flmction appear to play a critical role in protecting the myocardium against ischemic 
injury. (Ore Res. 2002;91:300-306.) 
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Nittic oxide plays an important role in protecting the heart 
against ischemic injury. 5-nitrosoglutathione (GSNO), a 
nitric oxide (NO) donor, improves functional recovery after 
ischemia, which is associated with increased cGMP.' Chronic 
hypoxia from birth in a neonatal rabbit model increases recovery 
of postischemic left ventricular developed pressure (LVDP) 
compared with recovery in normoxic hearts.^ It is important to 
note that nitric oxide synthase (NOS) inhibitors, A^-nitro-L- 
ar^inine methyl ester (L-NAME) and A'^-methyl-L-arginine 
(L-NMA), decrease functional recovery of postischemic LVDP 
in hypoxic hearts after ischemia but do not decrease recovery in 
normoxic hearts.^'^ These findings suggest that chronic hypoxia 
may alter the function of endothelial nitric oxide synthase 
(eNOS), the most abundant NOS isozyme in the rabbit heart, to 
increase cardioprotection.^ 

An increase in the association of heat shock protein 90 
<hsp90) with eNOS increases production and activity of 



■NO in response to growth factor stimulation.* Disruption 
of this protein-protein interaction decreases NO and 
blocks vasodilation in response to agonists."* Geldanamy- 
cin (GA), which inhibits conformational changes in hspQO^ 
and increases oxidative stress by redox cycling,^ has been 
shown to decrease -NO and increase L-NAME-inhibitable 
superoxide generation in endothelial cells.* The role of 
hsp90 in modulating eNOS function in the heart has not 
been determined. 

In the present study, we examine the role of hsp90 in 
modulating functional recovery of isolated hearts subjected to 
global ischemia. Using Western blot analysis, we determined 
how much hsp90 is a.ssociated with eNOS and the extent to 
which the enzyme is activated based on phosphorylation of 
eNOS at serine 1 177. The levels of superoxide from eNOS 
in the heart were assessed using NOS inhibitors and hydro- 
ethidine (HEt), an oxidant-sensitive fluorescent probe. AI- 
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Figure 1. Expaimentai protocol used to study geldanamycin 
and GSNO in resistance of normoxic and chronically hypoxic 
hearts to ischemia. N indicates normoxia; GA, geldanamycin (18 
/imoi/L); GSNO. S-nitrosoglutathione (10 /ujnoi/L); and H, 
chronic hypoxia. Open boxes represent aerobic perlusion; 
hatched boxes, perfusion wifli drug; and filled boxes, glob^ 
ischemia. 

though -NO may play an iinpoitant role in protection, the 
results of the present study suggest that one of the mecha- 
nisms by which hsp90 may protect the heart is by limiting 
superoxide generation from eNOS. 

Materials and Methods 

Animals 

Animals used in this study received humane care in compliance with 
the Guide for the Care and Use of Laboratory Animals, by the 
National Research Council. 

Creation of Hypoxia From Birth 

Neonatal New Zealand White rabbits were obtained from New 
Franken Researcli Rabbits (New Franken, Wis) and were condi- 
tioned in normoxic and hypoxic environments as previously de- 
scribed.2 Details of conditions are presented in an expanded Mate- 
rials and Methods section, which can be found in the online data 
supplement available at http://www.circresaha.org. 

Perfusion Studies 

The protDcol for perfusing isolated hearts with GA and subsequent 
ischemia is descriljed in Figure 1. The protocol for perfusing isolated 
hearts with HEt and eNOS inhibitors is described m Figure 2. The 
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Rgure 2. Experimental protocol used to determine the effects of 
chronic liypoxia on reactive oxygen species generation In the 
myocardium of hearts, Isolated hearts from nomioxic and 
hypoxic rabbits were perfused with hydroethidine (HEt, 10 
imoVL) and/or L-NAME (400 jxmol/g at the times indicated. 



hearts were perfused at 39''C in the Langendorff mode" at a 
perfusion pressure equivalent to 45 mm Hg.'^ The heart and perfu- 
sion fluids were immersed in nongassed physiological saline solution 
within temperature-controlled chambers to maintain the myocardium 
at 39°C, which is normothennic for rabbit. The standard perfusate 
was modified Krebs-Hcnseleit bicarbonate buffer^: (in mmoI/L) 
NaCl 1 18.5; NaHCO, 25.0; KCI 4.8; MgSO* 0.6; HjO 1.2; KH2PO4 
1 .2 (pH 7.4 when gassed with 95% OJS% COi) in which the calcium 
content was reduced to 1.8. Glucose (1 1.1 mmol/L) was added to the 
perfusate. Before use, all perfusion fluids were fihered through 
cellulose acetate membranes wifli pore size 5.0 ^xm to remove 
particulate matter. 

Assessment of Ventricular Function 

Left ventricular function was monitored continuously throughout 
each experiment as previously described." 

Tissue Sample Preparation 

Hearts from normoxic and chronically hypoxic neonatal rabbits were 
isolated and perfijsed with aerobic bicarbonate buffer for 30 minutes 
at constant pressure. The free waU of the left ventricle was excised 
and immediately freeze-clamped between stainless steel tongs pre- 
cooled with liquid nitrogen. Frozen myocardial tissue samples were 
powdered in a precooled stainless steel mortar and pestle. The 
powdered tissue was transferred to a dounce homogenizer with a 
Teflon pestle and homogenized m modified RIPA buffer (20 mmol/L 
Tris-HCI, pH7,4, 2.5 mmol/L EDTA, 1% Triton X-100, 1% sodium 
deoxychokte, 0.1% SDS, 100 mmoI/L NaCl, 10 mmol/L NaF, 
I mmo!/L Na3V04, 1 mmol/L Pefabloc, 10 ;ag/mL aprotinin, 10 
(xg/mL leupeptin, 1 0 /xg/mL pepstatin A) on ice for 50 stokes. Nuclei 
and cellular debris were removed by centrifugation (14000^X10 
min). The supernatant was transfened to a cold microcentrifuge tube 
and protein concentrations determmed by BCA protein assay 
(Pierce). 

Immunoprecipitation and Western Analysis 

hmnunoprecipitation and Western analysis protocols were similar to 
the protocoJs in a previous report.^-* Experimental details for the 
protocols are provided in the onhne data supplement. 

Detection of Superoxide Anion Generation in 
Isolated Hearts 

The protocol for perfusion of hearts with HEt (10 fAmol/L) and eNOS 
mhihitors, L-NAME (200 and 400 ^mol/L), is shown in Figure 2. At 
the end of the perfusion, hearts were frozen in OCT 4583 and 
sectioned. Ten micron frozen sections were cut and thaw-mounted 
on sUdes. A coversUp was applied to the sections on the slides and 
images were obtained with a Nikon E600 microscope equipped whh 
epifluorescence (Ex 488 nm, Em 610 nm) and a digital camera. The 
fluorescent intensity of nuclei in 40 cells from each animal was 
measured, corrected for background fluorescence in nonnuclear 
regions using MetaMoiph software, and expressed as mean±SD 
arbitrary units of fluorescence. 

Results 

Effects of Geldanamycin and GSNO on 
Functional Recovery 

Chronic hypoxia increased postischemic LVDP compared 
with that obtained in normoxic hearts (P<0,01, n=8). 
Geldanamycin decreased functional recovery of LVDP in 
nomioxic and chronically hypoxic hearts by approximately 
the same degree (P<0.01, n=7 to 9 per group) (Figure 3). 
GSNO restored functional recovery in GA-treated normoxic 
and hypoxic hearts treated with GA to levels that were 
indistinguishable from initial baseline values. To control for 
the possibility that GSNO-dcpendent increases in recovery of 
postischemic LVDP in die GA-treated hearts were due to 



. 392 Circulation Research August 23, 2002 



Normoxic Hypoxic 




Rgure 3. Effects of GA on function^ recovery of postischemic 
LVDP. This bar graph shows LVDP in isolated perfused hearts 
■from normoxic and chronically hypoxic neonatal rabbits. Hearts 
were perfused with bicarbonate buffer containing buffer alone, 
buffer containing GA (18 ftmol/L), and buffer containing GSNO 
(10 fimol/L). Protocol pictured in Figure 1 was used to examine 
the effects of no-flow, global ischemia on functional recovery of 
LVDP. Tlnese data show that GA significantly decreases recov- 
ery of postischemic LVDP In both nomioxic and hypoxic hearts 
and that recovery of postischemic LVDP to initial baseline levels 
can be restored by perfusion with GSNO (**P<0.01, n=7 to 9 
per experimental test group), 

perfusion alone, a third group was perfused for the same 
period of time as the GSNO group with GSNO-free bicar- 
bonate buffer. Perfusion with bicarbonate buffer alone, after 
perfusion with GA, did not affect recovery of LVDP. The 
observation that GSNO increased LVDP to baseline levels for 
both nonnoxic and hypoxic hearts perfused with GA suggests 
that regardless of the mechanism by which GA increases 
susceptibility to ischemia, -NO from GSNO is sufficient to 
restore LVDP to baseline values. These data are consistent 
with the fact that GA shifts the balance of -NO and superox- 
ide from -NO toward superoxide anion.* These data confmn 
that shifting the balance of -NO and superoxide toward 
superoxide increases susceptibility to ischemic injury and that 
restoring -NO increases resistance to ischemia as proposed 
earlier.^" 

Effects of Chronic Hypoxia on the Activation State 
ofeNOS 

Previous studies showed that chronic hypoxia increased 
eNOS activity but not message levels.^ hi the present study, 
we find by Western analysis that chronic hypoxia increased 
eNOS levels ui heart homogenates by 2. 1 ±0.6-fold (P<0.05, 
n=6) (Figure 4A, first panel). As phosphorylation of eNOS at 
S1177 indicates the degree of electron flow through eNOS, 
we next measured phospho-eNOS (S1177) using a site- 
specific antibody The second panel of Figure 4A shows 
that chronic hypoxia decreased eNOS phosphorylation 
(SI 177) compared with normoxic hearts (— 4.5±L6-fold, 
P<0.05, n=3). At first glance, these data seem to suggest that 
eNOS in hypoxic hearts might produce less -NO than eNOS 
in normoxic hearts, which does not agree with previous 
findings.^ 
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Figure 4. Effects of chronic hypoxia on the activation state of 
eNOS. A, This composite Western shows that chronic hypoxia 
in neonatal rabbit hearts Increases eNOS protein, decreases 
phospho-eNOS on eNOS, increases immunodetectable levels of 
phosphoserine on eNOS and increases association of hsp90 on 
eNOS compared with eNOS In normoxic hearts. B, Western 
an^ysls for hspSO content in homogenates of normoxic and 
chronically hypoxic hearts. H indicates hypoxic hearts; N, nor- 
moxic hearts; IP, immunoprecipitaiUon; and IB, Immunoblot. 



Because hsp90 increases -NO generation from eNOS"*''^ 
and decreases superoxide from neuronal NOS (nNOS),'*i^ 
we next determined the extent to which hsp90 was associated 
with eNOS in normoxic and clironicaUy hypoxic hearts. 
Ciironic hypoxia increased the association of hsp90 with 
eNOS compared with normoxic hearts more than 3-fold 
(3.1±0.7-fold, P<0.02, n=6) (Figure 4A, fourth panel). 
These data demonstrate how important hsp90 is to coupling 
eNOS activity to L-arginine metabolism for the efficient 
generation of -NO.*.* Although phospho-eNOS (S1177) may 
be important for increasing electron flow through the enzyme, 
increasing the association of hsp90 with eNOS appears to be 
sufficient to allow chronically hypoxic hearts to generate =^2 
times more -NO than normoxic hearts.^ To determine if the 
increase in association of hsp90 with eNOS is due to a change 
in hsp90 content. Western analysis of hsp90 in total heart 
homogenates was performed. Figure 4B shows that chronic 
hypoxia does not appreciably change the total content of 
hsp90 in the heart. Taken together, these data support the 
notion that the association of hsp90 plays an important role in 
helping eNOS generate -NO, wliich protects against ischemic 

When the phosphorylation state of eNOS was examined 
with a general anti-phosphoserine antibody, we found that 
chronic hypoxia increased immunodetectable levels of phos- 
phoserine on eNOS nearly 3- to 4-fold compared with that 
found ia normoxic hearts (P<0.05, n=3; Figure 4A, tiiird 
panel). As a first step in determining which site(s) on eNOS 
in rabbits could account for the increase in phosphoserine, we 
measured by Western analysis phospho-eNOS levels at SI 16 
and T495 that have been reported to mediate eNOS function 
in other species.'*-^ Unfortunately, the conmiercially avail- 
able antibodies did not detect bands of phosphorylation on 
eNOS from rabbits as they did for eNOS from bovine 
endothelial cells (Figure 5). The reasons for such differences 
in detection are unclear at this time but may be because the 
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Figure 5. Western analysis for phosphorylation of eNOS. This 
composite Western of eNOS phosphorylation shows that site- 
specific antibodies against eNOS at S116 (human) and T495 
^umai) do not detect bands of phosphorylation on eNOS 
immunoprecipitated from normoxic and hypoxic rabbit hearts as 
it does for eNOS immunoprecipitated from cultured bovine aor- 
tic endotiieiial cells. H Indicates hypojdc hearts; N, normoxic 
hearts; and BAEC, bovine aortic endothelial cells. 
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antibodies were raised in rabbits and/or because the antibod- 
ies were against phosphorylation sites in human eNOS, 
whose amino acid sequence may be different from the 
sequence for rabbit eNOS. 

Effects of Chronic Hypoxia on Akt/Protein Kinase B 

Within the signaling cascade for regulation of eNOS, Akt/ 
protein kinase B is located immediately upstream. '^-^'-^^ On 
the basis of the data shown in Figure 4 A (second panel), we 
predicted that chronic hypoxia may have altered signaling 
events leading to decreased phosphorylation of eNOS at 
SI 177. Western analysis of Akt and phospho-Akt in lysates 
of heart homogenates revealed that chronic hypoxia dramat- 
ically decreased total Akt and phospho-Akt in hearts by 4- 
and 5-fold, respectively (Figure 6A). Because hsp90 did not 
change with chronic hypoxia, we performed Westerns for 
hsp90 and phospho-Akt on the same blot to control for 
loading. Figure 6B confinns findings in Figure 4B that 
hypoxia has little effect on hsp90 levels and shows that 
hypoxia seems to specifically decrease phospho-Akt levels, 
not induce generalized decreases in protein expression. These 
findings are consistent with the observation that chronic 
hypoxia decreased phosphorylation of eNOS at SI 177. Fur- 
thermore, these data suggest that phosphorylation of other 
residues may regulate eNOS activity. However, using site- 
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Figure 6. Effects of ciironic hypoxia on Akt. A, This Western 
shows that chronic hypoxia decreases total Ai<t and phospho- 
Akt in neonatal rabbit hearts compared with levels in normoxic 
hearts. B, Western analysis for total hsp90 and phospho-Akt in 
nomioxic and chronic hypoxic hearts. These blots ^ow that 
chronic hypoxia had no effect on total hsp90 content but dra- 
nnatically decreased phospho-Akt levels. H indicates hypoxic 
hearts; N, normoxic hearts. 
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Rgure 7. Effects of chronic hypoxia on Et staining in isolated 
perfused hearts: an Index of superoxide anion generation. A, 
These images show the Et staining in the nuclei of normoxic 
and hypoxic hearts In the presence and absence of L-NAIME. B, 
This bar graph shows the mean fluorescent intensity of Et stain- 
ing in the nuclei of the myocardium in nontoxic hearts and 
dironicaliy hypoxic hearts after confection for nonnuclear fluo- 
rescence. These data reveal that in nomtoxic hearts, eNOS gen- 
erates neariy 3 times more reactive oxygen products that 
increase Et staining than it does In hypoxic hearts. **P<0.01. 

specific antibodies against phospho-eNOS (SU6) and 
phospho-eNOS (T495) (human), we were unable to detect 
similar site-specific phosphorylation of rabbit eNOS, al- 
though phosphoiylation of bovine eNOS at these sites was 
clearly evident (Figure 5). 

Effects of Chronic Hypoxia on Uncoupled 
eNOS Activity 

Based on the fact that phospho-eNOS (SI 177) is a highly 
conserved site that directly correlates with electron flow 
through the enzyme,'® that phosphoseruie levels on eNOS 
have been shown to correlate directly with -NO generation,^^ 
and that increased levels of hsp90 association Uniit superox- 
ide anion generation from NOS,*''«>".2t-2' we hypothesize 
that eNOS in chronically hypoxic hearts might be coupled 
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more efficiently to L-arginine metabolism than eNOS from 
nonnoxic hearts. To test this notion, we measured 
snperoxide-dependent conversion of HEt to Et based on a 
pievious report^ in perfused nonnoxic and hypoxic hearts. 
HgmB 7A shows that Et staining in normoxic hearts is 
significantly greater than staining in chronically hypoxic 
hearts. When the hearts were perfused with L-NAME (which 
blocks -NO and superoxide anion production by eNOS^) Et 
staining was reduced to levels seen in hypoxic control hearts. 
L-NAME also reduced Et staining in chronicaUy hypoxic 
hearts, albeit to a much smaller extent. When normoxic hearts 
were perfused with L-NMA, which inhibits -NO but not 
superoxide generation fiom eNOS,^^ Et fluorescence in- 
creased markedly (data not shown). These reciprocal differ- 
ences in the effects of the NOS inhibitors on Et staining in 
isolated perfused hearts are consistent with the fact that 
I^NAME blocks superoxide anion from eNOS, whereas 
L-NMA does not.^* Image analysis and calculation of relative 
fluorescent intensities reveals that isolated perfused normoxic 
hearts generate nearly 3 times more superoxide by an 
L-NAME-iiihibitable mechanism than chronically hypoxic 
hearts (Figure 7B), A marked increase in eNOS-dependent Et 
staining in nonnoxic hearts is consistent with the finding that 
phospho-eNOS (S1177) is high in normoxic hearts and with 
the finding that less hsp90 is associated with eNOS in 
normoxic hearts compared with hypoxic hearts. It is interest- 
ing to note that the low levels of L-NAME-inhibitable Et 
staining in the hypoxic hearts inversely correlated with an 
increase in general phosphoserine levels on eNOS (Figure 
4A, third panel). These findings are consistent with our 
previous report that chronic hypoxia m neonatal rabbits 
maximally increases NO activity 

Discussion 

In this study, we show that geldanamycin (GA) decreases 
functional recovery of normoxic hearts and inhibits the 
beneficial effects of chronic hypoxia. Furthermore, we show 
that the deleterious effects of GA can be reversed by 
administration of -NO. As chronic hypoxia increases resis- 
tance to ischemia by an L-NAMB-inhibitable mechanism,^.!* 
our findings suggest that hsp90 and an unidentified phospho- 
serine site on rabbit eNOS, likely different than S1I77, act in 
concert to increase -NO production and activity, as suggested 
in work by others. "^-^^ xhese data suggest that the beneficial 
effects of chronic hypoxia are more closely related to how 
much hsp90 associates with eNOS than the magnitude of 
phosphorylation of eNOS at S 11 77 alone.« The observations 
that normoxic hearts contain nearly 5 times more phospho- 
eNOS (SI 177) and generate 3 times more eNOS-dependent 
superoxide, however, are consistent with the fact that phos- 
phorylation of eNOS at SI 177 mcreases electron flow 
through the enzyme.'" The relative changes in Et staining in 
fliese studies were seen predominantly in the myocytes, 
consistent with the observations that myocytes representing 
the majority of heart mass exhibit a diffuse pattern of staining 
for eNOS that colocalizes with caveolin-3 only at the sarco- 
lenuna and t-tubules.^' On the basis of these observations, we 
conclude that that hsp90 plays an important role in increasmg 
coupled eNOS activity, which not only increases NO pro- 



duction but also preserves -NO biological activity.'5-'«->7-2' 
Finally, our studies provide new insight into the cellular 
mechanisms by which adaptation to chronic hypoxia en- 
hances coupled eNOS activity to mcrease cardioprotection. 

Basic science studies usmg a variety of animal models 
clearly indicate -NO plays a central role in cardioprotection. 
Ischemic preconditioning in rat.^" canine.^i and rabbit^ 
protects hearts against ischemic reperfusion injury by increas- 
ing iNOS, Chronic hypoxia in the .rat increases resistance to 
ischemia in isolated hearts.^s Chronic hypoxia from birth in 
rabbits also confers resistance to ischemia,'^" Subsequent 
studies revealed that resistance was due to increased endog- 
enous -NO production and activity^-^ and that eNOS, the most 
abundant transcript for the NOS isozyme family, was unal- 
tered by chronic hypoxia.^ Such findings indicated that 
adaptation to chronic hypoxia increases eNOS activity, but 
not necessarily eNOS mRNA expression to increase resis- 
tance to ischemia.^ 

Although the primary purpose of the study was to deter- 
mine the mechanisms by which chronic hypoxia enhances 
eNOS activity to increase cardioprotection, a few words 
about how GA decreases cardioprotection are in order. GA is 
a well-recognized inhibitor of hsp90.« It also contains a 
sertiiquinone structure and is thus capable of redox cycling,^ 
Accordingly, GA may inhibit functional recovery of isolated 
hearts by two mechanisms: decreasing -NO generation via 
altering lKp90 interactions with eNOS* or decreasing -NO 
activity via reaction with superoxide.* In additional studies, 
we found that GA decreased nitrite production by isolated 
hearts by more than half (1.69±0.68 versus 0.77+0.14 
nmol/g per mL; P<0.05, n=6). In the studies shown in 
Figure 3, we see that GSNO restores functional recovery of 
GA-treated hearts to essentially baseline levels. If GA inhib- 
ited recovery solely by generating superoxide, then a decrease 
in nitrite production should not have occurred. If superoxide 
generated via redox cycling played a major role in decreasing 
cardioprotection, then GSNO should not have restored recov- 
ery of GA-treated hearts to basehne values. 

Lucigenin and adriamycin are two well-recognized redox 
cycUng agents that generate superoxide by interacting di- 
rectly with the reductase domain of eNOS.^^-^s It is important 
to note that L-NAME does not block superoxide from eNOS 
when these agents are present.3t.s5 The reason is that 
L-NAME is a substrate analogue inhibitor that only blocks 
eNOS activity at the arginine oxygenase domain, not the 
reductase domain.^*-^^ With this information in mind, we 
perfused normoxic and hypoxic hearts with GA and HEt and 
then analyzed sections for relative levels of Et staining. We 
found that GA increased Et staining by 45 ±5.7% (n=3) in 
normoxic hearts and 85 ±14% (n=3) in hypoxic hearts, 
which L-NAME blocked as it did earlier. 

On the basis that L-NAME is domain specific with respect 
to inhibiting eNOS-dependent superoxide generation, we 
conclude that GA increases superoxide anion generation, in a 
large part, from the arginine oxygenase domain. These 
findings are consistent with our previous report showing that 
L-NAME blocked ==='50% of the increase in superoxide 
generation in A23187-stimulated, GA-treated endothelial cell 
cultures,* reports showing that hsp90 increases eNOS gener- 
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ation of -NO,'''^'^*-^'' and the report showing that hypoxic 
hearts contain higher levels of eNOS activity and NO 
biological activity than normoxic hearts,^ Taken together, 
these data and reports indicate that although GA can redox 
cycle to generate superoxide, its ability to idiibit fasp90 plays 
a major roie in the mechanisms by wliich it decreases 
cardioprotection in isolated hearts. 

To determine how chronic hypoxic increases eNOS activ- 
ity, we examined the activation state of eNOS. Antibodies 
against sites of phosphorylation on human eNOS were 
obtained from commercial sources and used to examine the 
phosphorylation state of rabbit eNOS. On die basis that 
chronic hypoxia increases eNOS activity nearly 2-fold,2 we 
expected to see a corresponding increase in phospho-eNOS 
(S 1 177) levels. Instead, the levels of phospho-eNOS at S 1 177 
were decreased in chronically hypoxic hearts compared with 
normoxic controls. Further analysis using antibodies to the 
other phosphorylation sites on rabbit eNOS were unsuccess- 
fxil, in that clear bands were not detected in samples from 
rabbits although bands could easily be detected in samples 
from bovine endothelial cells. The reason for Hiis is unclear at 
this time. Sequence differences among species or the fact that 
the antibodies were raised in rabbits are possible explana- 
tions. As the antibodies were designed to be site-specific for 
human sequences, small differences in the amino acid se- 
quence in rabbit eNOS may have been sufficient to prevent 
detection. 

The association of hsp90 witii eNOS is a universal mech- 
anism among species for increasing -NO generation. To date, 
this protein interaction has been observed in human, rodent, 
murine, canine, bovine, and ovine endothehal cells and 
cardiovascular tissues. The importance of this interaction to 
endothelial biology was recently confirmed by studies show- 
ing fliat hsp90 increased the efficiency of Akt-dependent 
phosphorylation of eNOS and that specific domains of hsp90 
were responsible for delivering and directing Akt to S II 79 on 
bovine eNOS.^' In light of this information, the lower levels 
of Akt in homogenates of chronically hypoxic hearts provide 
a plausible explanation for the low levels of phospho-eNOS 
(Sn77) on eNOS in chronically hypoxic hearts but not the 
more than 2-fold increase in eNOS activity we reported 
previously.^ If one accepts that fact that \ht association of 
hsp90 increases eNOS generation of -NO, then our findings 
suggest that hsp90 may be more important for increasing 
eNOS production of 'NO, as well as preserving the biological 
activity of -NO, than increasing phospho-eNOS (SU77) 
levels alone. To determine if the increase in phospho-eNOS 
(SI 177) observed in normoxic hearts still correlated with 
increased eNOS activity, superoxide, the product of uncou- 
pled eNOS activity was measured. We found that eNOS- 
dependent Et staining was 3 times greater in normoxic hearts 
than in hypoxic hearts. Such data also support the idea that 
phospho-eNOS (S1177) directly correlates with electron flux 
through eNOS.io In the case of the normoxic hearts, however, 
this increased electron flux was weaMy coupled to L-arginine 
metabolism, resulting in superoxide rather than 'NO genera- 
tion. In contrast, an increase in general phosphoserine levels 
on eNOS in hypoxic hearts relative to those in normoxic 
hearts suggests that other sites of phosphorylation on eNOS 



also might influence enzyme function and, ultimately, car- 
dioprotection. Future studies aimed at obtaining the fiiU 
sequence for eNOS will be required to -delineate mechanisms 
by which hsp90 interacts with eNOS in this species. 

The po'^sibility that direct protein interactions between 
hsp90 and eNOS preserves coupled enzyme activity is sup- 
ported by recent findings by Song et al.'«-i7 Using purified 
recombinant nNOS and hsp90 and spin-trapping with elec- 
tron spin resonance to quantify -NO production, Xia and 
associatesis.''' showed that activation of nNOS in the presence 
of hsp90 increased -NO generation. In subsequent studies, 
they found that hsp90 also inhibited superoxide from nNOS 
and that this effect was more pronounced at lower L-arginine 
concentrations than at higher concentrations when hsp90 was 
present.-' Another mechanism by which hsp90 might modu- 
late eNOS function is by protecting sites of phosphorylation 
of eNOS. Using Westem analysis, Granger and associates'^ 
found that VEGF increased phosphoserine residues on eNOS 
by a protein kinase C (PKC)- dependent mechanism that 
directiy coirelated with increased -NO production and activ- 
ity. This finding is consistent widi those of Ping et al^^ using 
PKCe-GST-fusion proteins to demonstrate direct interactions 
between PKCe and eNOS. In the present smdy, using 
inununoprecipitation of eNOS and Westem analysis, we fmd 
that chronic hypoxia markedly increased phosphoserine res- 
idues on eNOS even though phospho-eNOS (S1177) de- 
creased. The decrease in phospho-eNOS (S1177) is supported 
by a marked reduction in total Akt and phospho-Akt, an 
inunediate upstream kinase, "-^i-^a jn hypoxic hearts. Our 
finding that chronic hypoxia increased phosphoserine resi- 
dues on eNOS is consistent with reports that an increase in 
phosphoserine increases eNOS activity.*'-'** 

These observations reveal how important it is for hsp90 to 
associate with eNOS when phospho-eNOS (S1177) levels are 
increased. Failure to increase hsp90 interactions with eNOS 
results in an inefficient coupling of enzyme activity to 
L-arginine metabolism and in an increase in eNOS-dependent 
superoxide generation. Our findings show that chronic hyp- 
oxia from birth increases cardioprotection of isolated hearts 
by increasing the association of hsp90 with eNOS. This 
critical protein interaction helps to couple eNOS activity to 
L-arginine metabolism and to limit superoxide anion genera- 
tion. Such changes in radical species generation by eNOS 
increase -NO production and help preserve 'NO activity in the 
heart, which increases resistance to ischemic reperfusion 
injury. 
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